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Fig.9.: Measured stress values of reactively dc magnetron sputtered AIN films
for total gas flows of 50sccm, 100sccm, and 200sccm at different

sputtering gas compositions (Ar to Ny ratio).
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The reactive dc magnetron sputtering of AIN films and the in-situ stress measurements were performed in
a 0.45m3 cylindrical vacuum chamber, which was typically pumped down to 2x10-4Pa by an oil diffusion
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gas flows: 50sccm, 100scem, and 200scem. A polycrystalline hexagonal structure of all the AIN films was

foundbyelectron beam diffraction. In the case of low sputtering gas pressure of about 2x10-1Pa a
'preferential orientation with the cristaﬂooraphlc c-axis orthogonal to the substrate was observed. This
preferential orientation (lexture) vanished as the sputtering gas pressure reached about 8x10-1Pa. The
refractive index at a wavelength of 550nm of the 50sccm series scattered around 2.12, for the 100sccm
samples the mean value is 2.05, and for'the 200eccm samples a mean value of 1.97 was found. The AIN
films prepared at gas flows of 100sccm and 200scem showed only tensile stresses (up 1o 1GPa). The
50sccm series showed & transition from compressive (-1.3GPa) fo tensile film stresses (0.3GPa) when
the Ar/N2 ratio was increased 10 more than 2:1. In this flow regime stress tuning was therefore possible.

AN i 15
36 .
LEACTIVE D¢ NACNETROIN SPuTERING ,:mumc STLeLs er—

Sarare v SR WU DN

BRI SR M R Lol S e a et By o TR T T TEE At S B S0 o Yo T ATy S P S S




e

Summary

The reactive dc magnetron sputtering of AIN films and the in-
situ stress measurements were performed in a 0.45m3 cylindrical
vacuum chamber, which was typically pumped down to 2x10-4Pa
by an oil diffusion pump before backfilling with the sputtering
gases.

The stress was determined by the beam bending method.

A Perkin-Eimer 330 Photospectrometer was used to measure
the optical transmittance of the various AIN samples. The
wavelength range under investigation was 185am to 850nm.
Transmission data were used to calculate the refractive index of
AIN films .

Structural details were revealed by transmission electron
microscopy (TEM) and high energy (80keV) electron beam
diffraction (EBD). Films for these investigations were deposited
onto very thin (5-10nm) amorphous carbon supports.

Our own preliminary measurements enabled the choice of a
promising range of variation for the parameters Ar/Nz-ratio and
total gas flow. The argon to nitrogen ratios varied from 1:3 to 3:1
at three different total gas flows: 50sccm, 100sccm, and 200scem.

According to our AES measurements and the accuracy of this
method all films were composed of at least 95% AIN (with small
amounts of oxygen).

A polycrystailine hexagonal structure of all the AIN film- was
found by electron beam diffraction. In the case of low spu.tering
gas pressure of about 2x10-1Pa a preferential orientation with the
cristallographic c-axis orthogonal to the substrate was observed.
This preferential orientation (lexture) vanished ax the sputtering
gas pressure reached about 8x10-1Pa.
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The refractive index at a wavelength of 550nm of the 50sccm
series scattered around 2.12, for the 100sccm samples the mean
value is 2.05, and for the 200sccm samples a mean value of 1.97
was found.

Similar to rf sputter-deposited AIN films our reactive dc
magnetron sputtered AIN films revealed also three regions in the
short wave absorption edge. AIN film samples prepared at a total
gas flow of 200sccm had inverse slope values between 1.0leV to
1.05¢V. Films deposited at 100sccm and 50sccm gave inverse
slope values from 1.13eV to 1.24eV and from 1.19eV to 1.29eV
respectively.

The AIN films prepared at gas flows of 100sccm and 200sccm
showed only tensile stresses (up to 1GPa). The 50sccm series
showed a transition from compressive (-1.3GPa) to tensile film
stresses (0.3GPa) when the Ar/Ny ratio was increased to more

than 2:1. In this flow regime stress tuning was therefore possible.

Although the extreme values of the stress in AIN films were
-0.9GPa on the compressive and +1.2GPa on the tensile side, no
significant differences in the chemical composition could be
detected. This result supports the knowledge that predominantely
the film microstructure determines the intrinsic stress.
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1. Introduction

Thin films deposited by physical vapor deposition (PVD)
processes are generally in a state of mechanical stress, which can
be regarded assumptionally as the sum of an external, a thermal,
and an intrinsic component. The external component can be
neglected but a thermal component has to be considered, because
of thermal input energies during film formation and possible
differences in expansion between substrate and film material. The
intrinsic component is understood to be the remaining structure
sensitive part of the film stress. Therefore the intrinsic mechanical
stress represents a characteristic property of a film. Unpleasant
macroscopic effects such as blisters in the case of compressive
stress or cracks in the tensile case appear if the magnitude of the
film stress exceeds either the adhesive force between film and
substrate and/or the cohesive forces between film forming
crystallites.1, 2

The deposition of AIN by reactive dc magnetron sputtering
allows for tuning of the arising intrinsic stress by the variation of
certain process parameters3-9, within condition for proper film
stoichiometry.

For practical use of the stress tuning it is important to know
to what extent stress can be influenced. So the application sets the
limits to the minimum or maximum stress that the coating,
fulfilling the specifications, can be tuned to.

In reactive sputtering the desired product is created by
chemical reactions of components of the sputtering gas with
sputtered metal atoms from the cathode. As this reaction also
leads to a partial coverage of the cathode with reactive products
hysteresis in the dependence of reactive gas partial pressure on
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reactive gas flow is observed. To the reactive sputtering modell0
describing these hysteresis processes an energy dependent
sputtering yield was introduced.

The connected optical and structural properties were also
studied.
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2. Methods
2.1 Experimental Apparatus
2.1.1 Vacuum

The production of the AIN films and the in-situ stress
measurements were performed using a 0.45m3 vacuum chamber,
which was typically pumped down to 2x10-4Pa by an oil diffusion
pump before letting the sputtering gases inside.

As a sputtering source a planar magnetron cathode (PM) of
the type Balzers EK 510 was used (see fig 1). The PM consisted of
an aluminum target (99.999% purity; 12.5x25cm2 area) and was
mounted in an upright position. The power supply for the PM was
a Balzers MPS 105 with a maximum power output of 5kW. The
power supply could be run in two different modes. During all
measurements the MPS ran in the power controlled mode, which
kept discharge current times discharge voltage constant at 1kW.

Planar
Magnetron

Fig. 1. Magnetron and stress monitor setup.

Argon and nitrogen entered the chamber seperately,
controlled by mass flow controllers.
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Discharge voltages between 250V and 300V resulted as a
consequence of constant power mode, different total gas flows
(50-200sccm) and Ar/N2 ratios (3:1, 1:1, 1:3).

To avoid thermal effects due to a high thermal expansion
coefficient of the substrate only fused silica longish substrates
were used.

2.1.2 Stress monitor

For determining the stress we used the bending beam
method. That is, the stress occuring in the film is transmitted to
the substrate, causing it to deform. The deformation can be
measured directly, or the compensating force required to offset
the strain can be determined. The first approach was selected in
the work reported here; the substarte deformation was measured
optically. Fig 2 shows the monitor schematically. If reproducible
results are to be obtained by this indirect methode, the film
material must show adequate adhesion to the substrate.
Meaningful conclusions from the measured values are possible
only when no stress relaxing cracks or blisters have yet formed in
the film.

photocells

lightbean ]
1ightsource

semireflective

nirror

substrete

Fig. 2.: Stress monitor
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The substrate in each trial was a glass plate clamped at one
end and having the following dimensions: length 80mm, width
10mm, ihickness 0.7-1.5mm.

Intrinsic stresses arising in the film manifest themselves by
shrinking (tensile stress) or expanding (compressive stress) the
film in the film plane. If the adhesion between film and substrate
is sufficiently high, these forces cause the system to deform, as
already mentioned: for a glass plate clamped at one end the
deformation appears as a deflection of the free end. This
deflection, of the orders of micrometers, is detected by a light spot
reflected from the surface of the free end, which is optically
magnified and imaged in a photoelectric detection system. The
detector essentially consists of two photocells. The difference
between the photocell currents yields an analog signal, which is
plotted continuosly throughout the film deposition process.

The stress values of the film were obtained by comparing the
measurements with calibration measurements performed before
film deposition. For calibration, the deflection was produced by
loading the free end of the glass plate in steps, with precisely
known platinium. weights. The sensitivity of the stress monitor is
in the range of a few percent of the magnitude of the measured
stress.

The in-situ stress monitor was flanshed on to the chamber
wall. The surface of the substrate of the monitor was parallel to
the target and centred in respect to the target area. The target to
substrate distance was kept at 0.14m.

2.1.3 Thin film evaluation
A Perkin-Elmer 330 Photospectrometer was used to measure
the light transmission of the various AIN samples. The wavelength

range under investigation was 185nm to 850nm. From the
transmission data the refractive index of AIN films was calculated.
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Applying the evaluation method of Swanepoelll. just one
single transmission spectrum in the range between 3eV and 6.2eV
had to be sampled to obtain the absorption data of each film.

Structural details of the films were revealed by transmission
electron microscopy (TEM) and high energy (80keV) electron
beam diffraction (EBD). Films for these investigations were
deposited onto very thin (5-10nm) amorphous carbon films.

2.2 Process Conditioning

The presence of a high voltage gas discharge and dielectric
thin films on supporting structures caused some difficulties in
reaching a satisfying reproducibility of the film stress
measurements. The growing dielectric layer on the anode of the
PM shifted the electrical potential of the anode during deposition
from ground to negative values, making it more and more difficult
for electrons to escape from the plasma. To prevent electrons from
going to the stress monitor and influencing the growing film (e. g.
heating) the stress monitor had to be isolated from ground. The
resulting floating potential of the whole in-situ stress monitor was
typically in the range between - 35V and -45V with respect to
ground.

The result of this procedure was a decrease in substrate
heating to about 330K to 345K. Before the electrical isolation of
the stiess monitor the temperatures rises during deposition were
higher, ranging from 420K to 720K, due to current heating by
plasma generated electrons.

The second mean to improve the otherwise poor
reproducibility of the stress measurements was a reset of the
vacuum chamber’s inner walls, anode and target surface by
aluminizing them before each AIN deposition and stress
measurement.

Further the simplicity of the experimental set-up also
contributed to the reproducibility of the measurements. Therefore

AIN-afost/Tinal report 90-0387 10/36
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no shields were used in these experiments. Operational data are
recorded in Table 1.

Table 1. Reactive magnetron-sputtering system
parameters used to deposite AIN thin films on different
substrates.

Vacuum system: Oil diffusion pumped
residual gas pressure: 2x10-4Pa

Sputtering system: Planar magnetron cathode
pure Al target (99.999%),12.5x25cm2
dc power 1kW
discharge voltage 230V - 300V

Sputtering gas: Argon (99.998%)
Nitrogen (99.995%)
Presputtering: approx. 60seconds
Film thickness: 200nm to 400nm
Substrate temperature: starting at room temperature.
up to 340K

Substrate to target distance: 0.14m
Substrate: Fused silica for stress measurements,

silicon for AES, and amorphous
carbon for TEM

AIN-afost/final report 90-0357 11/36




3. Results

Published data 3-9 and our own preliminary measurements!?2
enabled the choice of a promising range of variation for the
parameters Ar/Ny ratio and total gas flow. The argon to nitrogen
ratios varied from 1:3 to 3:1 at three different total gas flows:

50scem,
100sccm, and
200sccm.

The following parameters influenced the stress values of the dc
magnetron sputered AIN thin films:

- Plasma parameters,

- substrate temperature,

- deposition rates.

In addition the following features of the thin films were
investigated:
- structure and morphology,
- refractive index,
- and optical absorption

3.1 Plasma parameters

By varying the sputtering parameters in the case of a pure Ar discharg
(total working gas pressure, discharge power, distance between
cathode and substrate, and anode potential) the changes on the
magnetron plasma parameters have been investigated.

3.1.1 Kinetic temperature for pure Al sputtering

The kinetic temperature of electrons was determined by a
Langmuir probe placed in the positive column of the magnetron
discharge in a distance of about 8cm away from the Al cathode
surface. A "high energy” electron group with a kinetic
temperature of about 2.5x104K and a density of approx.
1x1015m-3 10 3x10!5m-3 and a "low energy" electron group with
a kinetic temperature of about 1x104K and a density of approx.
3x1015m-3 to 1x1016m-3 were experimentally determined. The

ST
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measured energy distribution was a superposition of two
Maxwellian distribution functions. This is often observed in hollow
cathode gas discharges.13 A variation of the sputtering gas flow
exhibited a significant increase of the "low energy“electron group,
whereas the value for the "high energy” electron group remained
constant. The resulting density ratios of the two electron groups
are displayed in fig. 3.

3.1.2 Plasma-potential and floating-potential for AIN reactive dc
magnetron-sputtering

The difference between the plasma-potential and the floating-
potential of the glass substrate remained constant even under
reactive sputtering conditions when the anode was totally covered
with insulating AIN. The obtained value was about -7volts. That
means that besides sputtered atoms almost exclusively positive
ions and high energetic neutrals were able to reach the substrate
surface and could therefore influence both the formation of the
film and its stress behaviour.

8
£ 71
2
i
K
.‘z‘)
2
g °
$
g
4
3 ¥ v Lo - Y v r v
40 60 (1] Ar-flow [scem] 120 140
Fig. 3. Ratios of the measured electron densities for the
"low energy” and “high energy” electrons versus
the Ar gas flow.
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3.2 Thin film parameters

3.2.1 Substrate temperature

Heating effects from particle bombardement can be
considerable since a kinetic energy to thermal energy conversion
may reach high values for particle energies of few eV. The
contribution of fast plasma electrons from the magnetron
discharge is regarded to be of minor importance because of the
deflecting magnetic field near the cathode surface. Nevertheless, a
steady state temperature of the glass substrate of 323K to 343K,
was obtained after 5 minutes as can be seen in Fig. 4. (distance:
substrate to cathode: 9cm, power: 1kW, gas pressure: 3 to 7x10-
1Pa).

Due to deposition rate and plasma parameter measurements
three different reasons for substrate heating have to be
considered.14 First, energy from impinging sputtered Al particles
of approx. to a maximum value of 24Wm-2, second, energy from
positive ions of approx. to a maximum value of 42Wm-2, and
third, energy from the neutralisation of ions at the substrate of an
approximate maximum value of 90Wm-2,

A

]
" -

substrate temperature [Celcius)
8

° 10 deposition time {min} 20
Fig. 4. Evolution of substrate temperature during
reactive sputter deposition (N2-flow: 75scem,
Ar-flow: 25sccm)
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3.2.2 Deposition rates

30
50 scom
g
E 204
E 100 scom
3
o
E.’ ]
@
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§ 10 4 i
=]
o — — T v —— v
0 1 ArN2 2 3 4
Fig. 5. Deposition rates of AIN versus gas composition
at total gas flows of 50sccm, 100sccm, and

200sccm.

The deposition rate (see fig 5) was found to increase when the
total gas flow and the nitrogen fraction in the gas mixture
decreased.

The sputtering rate (emitted target mass per time unit) of the
target remained unchanged with constant gas-discharge power as
long as the sputtered area of the metal surface was clean. An
increase of the total gas flow increased the scattering of both
sputtered Al and the gas species reflected from the cathode so
that less coating material and high energetic neutral gas atoms per
time interval arrived at the substrate.

The dependence of the deposition rate on the Ar/Nj ratio can

be explained by the effect of “target poisoning™.15 That is the
formation of AIN on the target surface when the partial pressure
of the reactive gas exceeds a critical pressure value that is a
function of the sputtering rate of AIN and the standard free
energy of formation of AIN. Since the sputtering rate in dc
magnetron sputtering is not uniform across the target area, the

AIN-sfowr/final report 90-0357 15/36




“target poisoning” starts at areas of low erosion and spreads over
larger target areas with increasing reactive gas pressure. A much
lower sputtering yield of that dielectric compound layer is
responsible for the rapid decrease in sputtering rate once
poisoning has started.

323 Chemical Composition

The chemical composition of the AIN films was determined
by AES depth profiling. The Al to N ratio within the film was
found to be close to 1:1 for all AIN samples. Beside Al and N small
amounts of O were also detected. A variation of the oxygen
content with the deposition parameters was not observed. The
oxygen signals of all samples showed higher values at the surface
than inside the film. There was no indication of other chemical
contaminants.

According to the accuracy of the AES method all films were
composed of at least 95% AIN.

All reactively sputtered AIN films had an Al to N ratio of 1:1,
even AIN films prepared at high N flows. No excessive nitrogen
was detected, which is in agreement with investigations
concerning the solubility of nitrogen in AIN films.16

3.2.4 Morphology and structure

AIN specimens obtained with the extreme values of
the sputtering parameter were investigated with TEM. Fig.6 a) to
d) shows TEM micrographs taken of AIN films produced in
different regimes of gas flow and sputtering gas ratios. In the
low-flow regime the crystal size increased from 8nm with a
Ar/N2 ratio of 1:3 (high N2) to 18nm with a Ar/N2 ratio of 3:i
(low N2). In the high-flow regime the observed crystal size of
6nm to 7nm was independent of the Ar/N2 ratio.

AIN-sfesr/final report 90-0357 16/36
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Fig. 6. TEM micrographs and electron diffractograms
(for sputtering gas ratios 3:1 only) of reactively
dc magnetron sputtered AIN thin films
(magnification 2x105) for a) total gas flow of
50sccm, and Ar/Njp ratio 3:1; b) 50sccm, 1:3; ¢)
200sccm, 3:1; d) 200sccm, 1:3.

A polycrysialline hexagonal structure of all the AIN films was
found by electron beam diffraction. In the case of low sputtering
gas pressure of about 2x10-1Pa a preferential orientation with the
cristallographic c-axis orthogonal to the substrate was observed.
This preferential orientation (texture) vanished as the sputtering
gas pressure reached about 8x10-1Pa. This result confirmes
observations of other authors.9.17
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The lattice constants of the investigated AIN-samples were
determined from the ring patterns and the TEM-system
parameters. The calculated values matched the ASTM-values
within the systematic error of 2%.

3.2.5 Optical data

220

i\}/iﬂ“‘”" J/‘{

refractive index

2.00 4
/}————m———-’f
1
1.90 — ™ r v T v
) 1 Antz 3 4
Fig. 7. Refractive index at 550nm calculated from

transmission data of reactively dc magnetron
sputtered AIN films of total gas flows of 50sccm,
100sccm, and 200sccm for different sputtering
gas ratios (Ar to N2).

From the transmission data the refractive index of AIN films
was calculated. It appeared that the influence of the gas ratio is
smaller than the effect due to changing the total gas flow.

The refractive index of the 50sccm series gathered around
2.12, for the 100sccm samples the mean value is 2.05, and for the
200sccm samples a mean refractive index of 1.97 at 550nm was
found.

The absorption coefficient alpha in the visible of all sputter
deposited films was in the range of 10-4 to 10-3.
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In the work of Aita et al.18 the optical behaviour near the
fundamental absorption edge of rf diode sputter-deposited AIN
films was investigated. X-ray diffraction of their films showed the
films to be of microcrystalline structure. No further data
concerning the size of the microcrystallites was supplied.

The shapes of the measured fundamental absorption edges
for various AIN film samples were typical for disordered
semiconductors. Following the theoretical considerations of Abe
and Toyozawal9 and the application of the theory to amorphous Si
by Cody20 the exponential part of the absorption edges is a
consequence of weakened interatomic bonds. Distorted bonding
angles, stretched bonding lengths or hybridization with
antibonding states may cause such weakening.

As a special feature a shoulder appeared in the low energy
part of the absorption edges derived by Aita et al..!% This shoulder
is due to transitions between localized electronic states in the gap
and the conduction band. The physical effect responsible for the
localized gap states are deviations of the coordination number
from the number of the fully coordinated crystalline material.2!

Our measured optical absorption edges for various gas flows
at different Ar/N2 ratios are shown in figs 8 a-c. Similar to rf
sputter-deposited AIN films the investigated AIN films that were
deposited by dc magnetron sputtering revealed also three regions
in the measured absorption edges.

AlN-gfose/fiasl report 90-0337 19/36
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Fig. 8a.: Optical absorption edge of AIN films deposited by
reactively dc magnetron sputtering at different total
gas flows of 50sccm, 100scem, and 200sccm for an
Ar/N2 ratio of 3:1.
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Fig. 8b.: Optical absorption edge of AIN films deposited by
reactively dc magnetron sputtering at different total
gas flows of 50sccm, 100scem, and 200sccm for an
Ar/N2 ratio of 1:1.

21/36

AlIN-sfosr/linal report 90-0357




log o [cm™1]

Optical absorption edge of AIN

CAr:No=1: 3
. ¥
| .80
¥*
S i w ©
‘3 * e
{ +*. *o 0.
S
‘ *ox °
% [o]
41 - * )
* o
* + o :
L oL ° *« gas flow: 50 sccm
e ' +gas flow. 100 sccm-
o .
c] o gas flow: 200 sccm
» . o ’ ’
(o]
o o]
. : 3 . Y . 1
3 : 4 5 b

photon energy [eV]

Fig. 8c.: Optical absorption edge of AIN films deposited by
reactively dc magnetron sputtering at different total
gas flows of 50scecm, 100sccm, and 200sccm for an
Ar/N2 ratio of 1:3.

However, only the films deposited at an Ar/N2 ratio of 3:1
exhibited a pronounced low energy shoulder. The low energy part
of the absorption edges of all other films hardly deviated from a
purely exponential shape. The inverse slopes of the curves in the
middle energy region are proportional to the degree of disorder of
the material.22 AIN film samples prepared at a total gas flow of
200sccm had inverse slope values between 1.0l1eV to 1.05eV.
Films deposited at 100sccm and 50sccm gave inverse slope values
from 1.13eV to 1.24eV and from 1.19¢V to 1.29¢V respectively.
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3.3 Stress

3.3.1 Stress tuning

Reactive dc magnetron sputtering of Al in an Ar/N3
atmosphere was applied for the deposition of AIN thin films. By
both, setting the total gas flow at 50sccm, 100sccm, and 200sccm
and varying the Ar/N2 ratio from 3:1 to 1:3 in each gas flow
regime, thin AIN films in different states of mechanical stress

were obtained.

Figure 9 shows the obtained stress values of the AIN films
at different total gas flows and sputtering gas ratios.

The AIN films prepared at gas flows of 100sccm 200sccm
showed only tensile stresses (up to 1GPa). The influence of
working gas composition was not very pronounced but gave rise
to higher tensile stress values for an increasing Ar-fraction.

2.00
W 100 scem
wnsile
1.00 4
T
L 200 scem
§ /f_\;
i >
000
&
50 scom
1 comDressive
-100 4
<
200 +~ r — r v v v
° 1 ArM2 3 ‘
Fig. 9.: Measured stress values of reactively dc

magnetron sputtered AIN films for total gas
flows of 50sccm, 100sccm, and 200sccm at
different sputtering gas compositions (Ar to N2

ratio),
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The S50sccm series showed a tramsition from compressive
(-1.3GPa) to tensile film stresses (0.3GPa) when the Ar/Nj ratio

was increased to more than 2:1. In this flow regime stress tuning
was therefore possible.

3.3.2 Reactive Sputtering Model

The reactive sputtering process was described by S. Berg et
al.10 by the following equations:

Qo = Qt + qc + PNS, (1)
0 = 2 F(1- Oy) - (j/e)SNO1, (2)
0 = 2 F(1-03) + (j/e)SNO1(A/AL)(1-07)

- (i/e)Sm(1-O1)(A/Ac)O, (3)
q. = F(1-01)A,, 4)
qc = F(1-02)A. (5)

Equation (1) establishes equivalence between the supply of
the reactive gas (qp) and its consumption by the target (q;), the
chamber (qc), and the pump (pnS). Equation (2) describes the
raective gas balance at the target and Eq. (3) at the substrate and
the vacuum chamber wall.

The parameters are described as follows:

pN, N, partial pressure;

S, pumping speed;

, sticking coefficient of nitrogen to Al;

F, flux of N; due to pN [F=pn/(2 mkT)!/2, N,

molecular weight m, gas temperature T,
Boltzmann constant kJ;

0. nitride coverage of the target (cathode);

0y, nitride coverage of the chamber wall and the
substrate;

SN, Sm- sputtering yields of nitride and metal;

) discharge current density;

e, elementary charge;

Ay A, area of the target and the chamber wall.

In this model discharge current and sputtering yield are
assumed to be constant. However, due to the nonlinear change of
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N, partial pressure and the partial coverage of the cathode with !
insulating AIN in the hysteresis region the discharge resistance is
not constant as it was shown experimentally by McMahon23.
Furthermore it is well known that the sputtering yield is energy
dependent. Therefore, premesing constant discharge current , the
sputtering yield is not constant.

© e

To avoid this inadequacy we allow the sputtering yield to
depend linearly on the discharge voltage: y=aU. This is in good
agreement with experimental data on sputtering yields of several
materials sputtered by argon ions in the energy range from about
200 to 300eV24, which is typical for our system. This assumption
is also supported by the theoretical considerations treating the
energy dependence of the sputtering yield in the nergy range
from sputtering threshold energy up to a few hundred electron
volts.25

With this improvement all terms of the form (j/e)S; (i=M,N) in
the original model can be replaced by [(jU)/e]a; (i=M, N; a;
constants). These terms remain constant during the sputtering
process since the discharge power is kept at a constant level.

Calculations of py versus N flow for different pumping
speeds and discharge powers based on this model are plotted in
figs. 10 and 11. To check the validity for sputtering of AIN the
change of N, partial pressure owing to a change in N; flow was
measured using a differentially pumped quadrupole mass
spectrometer. The results for various sputtering parameters are
shown in figs. 12 nd 13.
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Fig. 13.: Measured Nj-partial pressure versus Nj-mass flow
for different discharge power levels (:Q41kW,0@® 2kW;
pumping speed: 60l/s). Filled symbols denote process
points reached if strating with a pure Al target (i. e. if
starting from the low flow region), unfilled symbols if
starting with a partially covered cathode (i. e. if
starting from the high flow region).
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4. Conclusions
4.1 Depositon parameters

As the discharge power is kept constant, the sputtering rate
of target material was also constant, as long as the sputtered
surface remained clean of AIN. An increase of total gas flow
increased the scattering of both sputtered and reflected particles
from the cathode and therefore less particles per second arrived
at the substrate.

The distance between target and substrate as well as the total
gas pressure (besides other sputtering parameters) determine the
kinetic energy of the impinging ad-atoms and the reflected
neutrals.

The dependence of the deposition rate on the Ar/Nj ratio can

be explained by the effect of “target poisoning”.15 That is the
formation of AIN on the target surface when the partial pressure
of the reactive gas exceeds a critical value Pg that is a function of
the sputtering rate of AIN and the standard free emergy of
formation of AIN. As the sputtering rate in dc magnetron
sputtering is non uniform across the target area, the “target
poisoning™ starts at places of low erosion and grows with
incieasing reactive gas pressure. A much lower sputtering yield of
the dielectric compound layer on the target is responsible for the
rapid decrease in sputtering rate once poisoning has started.

The choice of the process parameters to be varied is decided
by the need for a demand of proper stoichiometry, good tuning
and casy handling. Usually the gas compositions - (in this context
the argon to nitrogen ratio) - and the total gas flow are taken as
variable process parameters.

Changes in these two parameters cause modifications of
discharge voltage and current, deposition rate, heat transfer to the
substrate, etc. It is not surprising that due to these parameter
changes the properties of the deposited films tend to vary
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remarkably. In the reactive sputtering it is possible to modify
chemically the material that is deposited, as the gas composition
defines the mode of deposition. Here sputtering in an inert
atmosphere with low reactive gas (nitrogen) content is called the
metallic mode and produces metallic aluminum films with some
nitrogen in it, whereas sputtering in the dielectric mode with
sufficient or surplus reactive gas produces AIN coatings. In
between the two modes substoichiometric AINy films can be
obtained. However, as already mentioned above always conditions
were chosen for stochiometric AIN deposition.

4.2 Morphology and structure

The evaluation of TEM photographs provided crystal grain
sizes of the obviously polycrystaline AIN films. Regarding the
stress values of the 50sccm series, the compressive stresses are
aligned with diameters of crystal grains of 8nm and the tensile
stresses go along with 18nm diameter. For the 200sccm series two
thin films were investigated, namely with Ar/Nj ratios of 3:1 and
1:3. Both samples showed tensile stress of about 0.4GPa. The
measured crystal size of both was 5am to 6nm.

4.3. Optical absorption

The structural disorder of AIN thin films produced by both rf
and dc sputtering procedures is apparent in optical absorption
measurements.!3 Actually three energy regions were found where
the dependence of the absorption coefficient alpha on incident
photon energy E varied.

- (E-Eg)? region (above 6.2¢V): Near the high energy end of
the edge, i.c. close to the bandgap energy Eg, alpha was found to
be proportional to (E-Eg)z. This is the energy region where
valence band to conduction band transitions occur. The transition
probability is proportional to (E-Eg)2 as a consequence of the
same energy dependence of the relevant joint density of states.
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- Exponential region (5.5¢V<E<6.2eV): Decreasing the photon
energy E a region of exponential dependence of alpha on E adjoins.
Structura! or thermal disorder of the material remove the
singularities of the density of states at the band edges and replace
themm by exponentially decreasing tails stretching themselves into
the gap area. Transitions from this tail states to the band states, or
vice versa, cause the exponential slope of the absorption edge of
disordered materials.

According to Ref 18 the absorption edge of any form of AIN

can be fitted to the equation
Ex(W.T) = Eg - AE(W,T)

where A is a material constant, Ex is the energy band gap of the
disordered crystal, EQ is the inverse slope in the region of incident
photon energy where the absorption coefficient has an
exponential dependence on incident photon energy, Eg is the band
gap of the virtual crystal, W is the structural disorder parameter
and T is temperature. Values for Eg (=6.18¢V) and A (=2.3) were
taken from the obove mentioned reference. Inserting our obtained
values of Eg resulted in Ex ranging from 3.1eV (for the 50sccm
samples) to 3.9¢V (for the 200sccm samples).

In the exponential region lower inverse slope values EQ of the
200sccm samples indicated less disorder than the 100scem and
SOsccm samples. This states the influence of the kinetic energy of
the condensing film particles.26 Due to gas scattering the loss of
kinetic energy is proportional to the total sputtering gas pressure.

- Shoulder region (4.5¢V<E<5.5¢V): At the lower end of the
absorption edge alpha left the exponential dependence on E and a
marked shoulder appeared. Deviations in the coordination number
of film atoms cause localized electronic states inside the bandgap.
Transitions between these localized states and band states give
rise to the observed shoulder in the absorption behaviour.

The appearance of the shoulder in the low energy region was
restricted to films sputiered with an Ar/N2 ratio of 3:1. The high
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Ar content in the sputtering gas seems favorable for the creation
of localized states in the energy gap.

4.4 Thin Film Stress
4.4.1 Model

A model that is widely accepted for explaining the origin of
compressive stress in sputter deposited films is the atomic
peening model: film structure and stress state depend on the
energy of the particles-(coating material or gas )-striking the
growing film. The intrinsic tensile stresses in our experiments are
mainly caused by the less dems, mostly columnar microstructure
of the deposited films. The low film packing density is a
consequence of the insufficient mobility of the condensing coating
material atoms on the substrate and the film surface respectively.
In the case of low pressure sputtering the mobility of these ad-
atoms is enhanced by their own kinetic energy, which is initially
in the range of SeV to 20eV, and by bombardment of highly
energetic neutral atoms of the working and reactive gas (approx.
up to 100eV) that are reflected from the target. The resulting
forward sputtering effect caused mainly by the fast neutrals is
assumed to densify the film microstructure and to be responsible
for compressive stresses in reactively sputter deposited thin
films.27

The distance between target and substrate as well as the total
gas pressure (besides other sputtering parameters) determine the
kinetic energy of the impinging adatoms and the reflected
neutrals.

4.4.2 Reactive dc magnetron sputtering

Reactive dc magnetron sputtering of Al in an Ar/Np
atmosphere was applied for the deposition of AIN thin films. By
both setting the total gas flow at 50sccm, 100sccm, and 200sccm
and varying the Ar/Ny ratio from 3:1 to 1:3 in each gas flow thin
films in different states of mechanical stress were obtained.
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In this study the samples of the series with 100sccm and
200sccm total gas flow, corresponding to working gas pressures of
4x10-1 Pa and 8x10-1 Pa respectively, resulted in such a strong
gas scattering by inelastic collisions of the sputtered target
particles as to leave them with only thermal energies (in the
range of tens of meV) when they arrived at the substrate. Films
with low packing density and the corresponding tensile stresses
similar to evaporated films were the result of this thermalization
of the sputtered coating material. The reflected neutrals might
have also been subject to strong scattering as the occuring tensile
stress suggests.

Less gas scattering and therefore higher kinetic energy of the
sputtered coating material atoms and of the reflected neutralised
nitrogen atoms give rise to compressive stresses or at least minor
tensile stresses in the films of the 50sccm series. The compressive
stress values increase with increasing nitrogen content in the
working gas. This behaviour is known 28, 29 and explained by the
increasing coefficient of reflection for particles at the target, with
increasing Miarget/Mjon mass ratio.

Although the extreme values of the stress in AIN films were -
0.9GPa on the compressive and +1.2GPa on the tensile side, no
significant differences in the aluminum to nitrogen ratio could be
detected. This result supports the knowledge that predominantely
the film microstructure determines the intrinsic stress.

Regarding the stress values of samples of the 50sccm series,
the compressive stresses are aligned with densly packed crystals
of grain diameters of about 8nm. Tensile siresses are related to
lower packed crystals and grain diameters with about 18nm. From
the 200sccm series two thin films were investigated, obtained
with Ar/N2 ratios of 3:1 and 1:3. Both less densly packed samples
with measured crystal size between Snm to 6nm showed tensile
stress of about 0.4GPa.
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Obtained stress values of the AIN films are in agreement with
data from other authors .9, 30

AIN samples with low tensile (<0.4GPa) or compressive stress
values yleld refractive indices between 2.12 and 2.16, In the
regime of tensile swess larger than 0.4GPa the refractive indices
ranged from (.94 to 2.07. The higher refractive index in films
with compressive stress values seems (o be a consequence of the
gonerally higher density of such thin films.
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